Protein Expression of Fibroblast Growth Factor Receptor–1 in Keratinocytes During Wound Healing in Rat Skin  by Takenaka, Hideya et al.
Protein Expression of Fibroblast Growth Factor 
Receptor-1 in Keratinocytes During Wound Healing 
in Rat Skin 
Hideya Takenaka, *t Saburo Kishimoto;! Ikuo Tooyama,* Hiroshi Kimura,* and Hirokazu Yasunot 
*Institute of Molecular Neurology, Shiga University of Medical Science, Otsu; and tDcpartment of Dermatolo{,,'y, Kyoto Prefectural 
University of Medicine, Kyoto, Japan 
Fibroblast growth factors have been shown to play 
important roles in wound healing. To define their 
sites of action, we examined the expression of fibro-
blast growth factor receptor-1 (FGFR-1) during burn 
wound healing in rat skin by immunohistochemistry 
and western blot analysis. In cryostat sections of 
intact skin, little or no staining was observed. After a 
burn, however, staining for FGFR-1 was found in 
newly forming epidermis. The suprabasal layer of 
such epidermis, composed mostly of regenerating 
keratinocytes, was stained int~nsely, whereas kerati-
nocytes in newly forming hair follicles were devoid of 
staining. Staining gradually decreased week by week 
after wound closure and was hardly visible 10 weeks 
after the burn, when the thickness of the epidermis 
had returned to the normal level. Staining was also 
F ibroblast growth factors (FGFs) stimulate the prolifera-tion, both i11 vitro and in 11i11o, of almost all the m.ajor cell types involved in wound healing (Gospodarowicz et a/, 1987), including endothelial cells and fibroblasts. As predicted from the activity seen in i11 vitro studies, basic 
FGF (bFGF; FGF-2) administered exogenously has been shown to 
promote the formation of grrumlation tissue in animal models of 
dermal wound healing (Buntrock et al, 1982; Davidson et al, 1985, 
1988; McGee et al, 1988). Such promotion may be attributed to the 
stimu latory effects of bFGF on angiogenesis and the mitosis of 
fibroblasts, resulting in acceleration of collagen deposition in the 
dermis (Davidson et al, 1985; Montesano et a/, 1986; Hayek et a/, 
1987). In addition to bFGF, the family of FGFs includes acidic FGF 
(aFGF; FGF-1) and keratinocyte growth factor (FGF-7). All three 
£·unily members display mitogenic activity for keratinocytes (Miller-
Davis et al, 1988; O'Keefe et al, 1988; Ristow and Messmer, 1988; 
Rubin el al, 1989; Shipley et al, 1989; Pisansarakit et a/, 1990; 
Aaronson et a/, 1991). I11 vivo studies, particularly in models of 
impaired wound healing, have shown that the local application of 
bFGF or aFGF accelerates the regeneration of epidermal keratino-
cytes (Greenhalgh et al, 1990; Hebda eta/, 1990; Tsuboi and Ritkin, 
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found in small blood vessels and capillaries of gran-
ulation tissues of the dermis. Western blot analysis 
using the same antiserum was performed in the newly 
forming epidermis 10 dafter the burn. A single band 
was detected with an apparent molecular weight of 
120 kDa, corresponding to the short membrane-
bound form of rat FGFR-1. Our study indicates that 
FGFR-1 is expressed during wound healing, mainly in 
regenerating epidermis and to some extent in blood 
vessels of the dermis. Fibroblast growth factors may 
affect the proliferation and differentiation of epider-
mal keratinocytes as well as angiogenesis in the 
dermis via the FGFR-1 expressed during wound heal-
ing. Key words: immmwhistoclwmistrylepidermislblood ves-
sel.] Itwest Derrnatol 109:108-112, 1997 
1990; Klingbeil el a/, 1991; Mustoe eta/, 1991; Mellin et a/, 1992, 
1995; UhJ et a/, 1993). In addition, expression of both aFGF and 
bFGF mRNA is induced in cutaneous epithelial ce lls after acute 
skin injury (Antoniades et a/, 1993). These studies suggest that in 
the process of wound healing, both aFGF and bFGF play important 
ro les in endothelial cells, fibroblasts, and keratinocytes. 
Four genes of fibroblast growth factor receptors (FGFRs) have 
been identified. These include j1g (FGFR-1), bek (FGFR-2), 
FGFR-3, and FGFR- 4 (Lee eta/, 1989; Dionne eta/, 1990; Keegan 
et al, 1991; Partanen et al, 1991). FGFR-4 has a high and selective 
affi.nity for aFGF, whereas the otber three react with both aFGF and 
bFGF. Among these three receptors, FGFR-1 has been studied 
most extensively. In this study, we examined the expression of 
FGFR-1 by immunohistochemistry and Western blot analysis 
during burn wound healing of rat skin. 
MATERIALS AND METHODS 
FGFR-1 Antiserum A rabbit polyclonal antiserum was raised against a 
synthetic oligopeptide corresponding to an amino acid sequence from 125 to 
141 of chicken FGFR-1. T his antiserum was used in our previous immu-
nohistochemical study to demonstrate the protein expression of FGFR-1 in 
rat brain tissue (Matsuo e/ nl, 1994). In brief, the antiserum recognizes a 
peptide containing the highly acidic extracellular domain ofFGFR-1 as well 
as the recombinant FGFR-1 protein; however, it does not recognize other 
forms of FGFR or other proteins. lmmunostaining with the antiserum was 
abolished by preincubating the antiserum with 20 11-g of the FGFR-1 peptide 
per mi. 
Tissue Preparation for lmmunohistochetnistry The experiment was 
conducted with strict adherence to the principles of laboratory animal care 
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(NIH, revised 1985) and the standards for animal experiments and aJ:llmal 
care of our UJ1iversity. Male Wistar rats weighing 200 -250 g were housed 
at the animal fitcility of Kyoto Prefectural University of Medicine and were 
fed rat chow and water m/ /ibi1.11111 . The animals were anesthetized with 
intraperitoneal injection of sodium pentobarbital (30 rng/kg). After cutting 
the hair, we made a third-degree burn wound, circular in shape (1 em in 
diameter), on both thighs by touching a heated solder iron tip to the skin. 
The burn wotUJd received no medical treatment. Twcnty-eighr rats, divided 
into seven groups (four anin1als in each group), were sacri ti ccd on day 2. 4, 
7, 14, 28 , 42, or 70 afrer the burn . Tissue specimens were taken from both 
the center and the periphery of tbe wounds and immersed for 1 d in a 
mixture consisting of 4'}'1, paraformaldehydc and 0.2%, picric acid in l 00 mM 
phosphate buffer (pH 7.4). The tissues were replaced in phosphate buffer 
contait:Ung 15% sucrose, frozen with dry ice, and cut into 15-f..l.m-thick 
sections. The Aoating sections were collected in 0.1 M phosphate-buJfered 
sa line (PBS, pH 7.4) containing 0.3% Triton X100. All procedures were 
carried out at 4°C . 
Immunohistochemical Procedures Floating cryostat sections were 
treated first for 1 h with 0.3% I-!2 0 2 in PBS at room temperature to inl:Ubit 
the activity of endogenous peroxidase and for 20 min with a blocking agent 
(Vector Labs, Burlingame, CA) plus 5% normal goat serum in PBS to block 
nonspecific protein binding. The sections were then incubated for 3 d with 
the FGFR-1 antiserum (diluted 1:1 0,000) at 4°C, for 2 h with biotinylated 
anti-rabbit IgG (diluted 1:1,000, Vector Labs) at room temperature, and for 
1 h with the avidi11-biotin-peroxidase complex (di luted 1:4,000, Vector 
Labs) at room temperature. Dilution of immunochemicals and washing of 
sections were done with PBS containing 0.3% Triton X100. Stained 
structures in the sections were rendered visible by reacting for 20 min with 
a mixture containing 0.02% 3,3'-diaminobenzidine and 0.0045% H 20 2 in 
50 mM Tris-I-!CI buffer (pH 7.6). The stained sections were mounted on 
gelatin-coated glass slides, air-dried, countcrstaincd with hemato:..}'lin, 
dehydrated, and placed under a coverslip. 
For immunol:Ustochen:Ucal controls, instead of the primary antiserum, 
cryostat sections were incubated with PBS alone, preimmune rabbit serum, 
normal rabbit IgG, or the antiserum preabsorbcd with a synthetic oligopep-
tidc (EDDDDDDDSSSEEKEAD), which is a rat countcrpan of the cl:Uckcn 
peptide sequence used as the antigen (Matsuo et a/, 1994). Omission of 
either the second antibodies or the third-step reagents and the reaction of 
sections with diaminobcnzidine alone were also performed as controls. No 
specific staining was observed in the control studies, and diffuse staining in 
the granular layer, spinous layer, sebaceous glru1ds, and mast ceUs was found 
to be nonspeci.fi c. 
Western Blot Analysis Six intact and ten burned rats (1Oth day after the 
injury) were used. Immediately after full-thickness sampling, cutaneous 
tissues (either intact or burned) were cut into smaU blocks of approximately 
10 X 10 mm. Under gentle agitation, the blocks were incubated for 30 min 
with PBS containing 2M NaBr at 4°C . Using fine forceps under a dissecting 
microscope, we separated epidermal specimens from the dermis. The 
specimens were homoget:Uzed in 5 volumes of an icc-cold mi..xtme contain-
ing 1 mM ethylenediamine tetntacetic acid, 1 mM ethyleneglycol-bis(/3-
aminoethyl ether)-N ,N ,N' ,N '-tetraacetic acid, phcnylmcthylsu.lfonyl Auo-
ridc (1 00 mg per ml), leupeptin (2 mg per ml), and pepstatin (2 mg per ml) 
in 20 mM Tris-HCI (pH 7.4). After centrifugation at 12.000 X g for 20 min 
at 4°C, the supernatant was collected as a cytosolic fraction. The pellet was 
rehomogenized in the same mixture as above at 4°C, and the suspension 
was kept on ice for 1 h in 20 mM Tr;s-HCI plus 150 mM NaCI (pH 7.4) 
containing 1% Triton X100 and phenylmethylsulfonyl Auoride (100 mg per 
ml). After centrifugation at 12,000 X g for 20 min at 4°C, the supernatant 
was coUected as a crude membrane fraction. Both the cytosolic and the 
membrane fractions, each containing about 20 f..l.g of protein, were electro-
phoresed on a 7.5% sodium dodecyl sulfate-polyacrylamide gel and then 
transferred to a polyvinylidene difluoride membrane (lmmobilon-P; Milli-
porc Japan, Japan) . The membrane was incubated first for 30 nun with 20 
mM Tris-I-!Cl contai1:llng 150 mM NaCI and 5% skim milk at room 
temperature and then for 12 h with the FGFR-1 antiserum (1:10,000) in 20 
mM Tris-HCI contait:Ung 150 mM NaCI and 1% skim milk at room 
temperature. After washing with 20 mM Tris-HCI buffer containing 1 50 
mM NaCI and 0.1% Tween 20, the membrane was reacted for 2 h with 
alkaline phosphatase-labeled anti-rabbit igG (1 :2000; Gibco BRL, GraJ}d 
Island, NY) in 20 mM Tris-HCl containing 1.50 mM NaCl and 1'Yo skim 
mi lk at room temperature. The labeling was visualized by incubating with 
nitrob lue tetrazolium (0.33 mg per ml; Gibco BlU) and 5-bromo-4-chloro-
3-indolyl-phosphatc (0.165 mg per ml ; Gibco BRL) in ·roo mM Tris-HCl 
buffer (pH 9 .5) containing 100 mM NaC I and 50 mM MgCl2 . Control 
studies for W estern blots were performed as for the immunohistochemical 
controls described earlier. No labeling was observed in these contro l 
studies. 
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RESULTS 
Immunohistochemical Localization of FGFR-1 in Intact 
and Burned Rat Skin In the skin of normal control n1ts, very 
faint staining for the FGFR-1 antiserum was found scattered 
irregularly throughout the epidern1is (Fig la). Neither the dermis 
nor the hypodermis was stained. A similar pattern of staining was 
seen in uninjured epidermis outside the burn wound of injured rats . 
In the burned skin, intense imn1U11ostai.ning was observed mainly 
in the epidermis and p artly in hair follicles and blood vessels of the 
dermis at various times between day 2 and day 42 after the burn. At 
an early period , between day 2 (Fig lb,c) , and day 7 (Fig 1d), when 
the tongue of regenerating keratinocytes was observed to n1.igrate 
fi·om each wound margin, the migrating keratinocytes, their sur-
rOU11ding epidermal tissues, and keratinocytes ofhair follicles at the 
wound m argin were stained intense ly. At tlus stage, all these 
nugrating cells were joining in the newly forming epidennis. Under 
high magnification, the basal tip of migrating keratinocytes ap-
peared to be stained weakly, whereas the suprabasal tip was stained 
strongly (Fig le). 
On day 14 after the injury, by wluch time complete re-epitheli-
a.lization had been aclueved, the lughly stratified keratinocyte layers 
of newly formed epidermis were stained intensely for FGFR-1, 
whereas the basal keratinocytes of the new epidermis were stained 
faintly (Fig 1}). Newly forming hair follicles were observed at the 
scar margin b'ut did not stain for FGFR-1, except for faint staining 
at the inftmdibular ep.idermis (Fig 1g). 
At a later pedod of wound healing, the epidermis gradually 
became tlun, and staining for FGFR-1 gradually decreased (Fig 
1/r). On day 42 after the bm·n, newly formed epidermis was still 
weakly stained for FGFR-1. By day 70, when tl1e tluckness of tl1e 
epidermis had returned almost to normal, the pattern and intensity 
of staini11g for FGFR-1 were essentially identical to those in the 
intact epidennis (Fig li). 
In the granulation tissue of the dernus, some blood vessels were 
occasionally stained for FGFR-1 (Fig 1;) . These vessels were 
situated mainly in the lower dermis rathe r than in tl1e upper dermis, 
which contained an abundance of newly formed FGFR-1-negative 
capillaries. 
Rat Wound Keratinocytes Express 120-kDa FGFR-1 Pro-
tein Figure 2 shows the results of Western blot analysis probing 
with the same FGFR-1 antiserum as used in the immunolustochem-
ical study. Neither the crude membrane nor the cytosolic fraction 
from the intact epidermis was labeled (Fig 2A, lmres 1,3). In 
specimens from tl1e epidermis newly forming after tl1e burn, 
however, both the crude membrane and the cytosolic fractions 
revea.led a single band with a molecular weight of about 120 kDa 
(Fig 2A, laues 2,4). A similar study of the cytosolic fraction from 
burned epidermis proved that tl1e band (Fig 2B, laue 1) was no 
longer visible when the antiserwn had been preabsorbed with the 
synthetic oligopeptide ofrat FGFR-1 (Fig 2B, la11e 2). 
DISCUSSION 
Using a specific antiserum to FGFR-1, our study shows that 
immunoreactive structures are detected only faintly in the intact 
epidermis but stain very intensely in the regenerating epidermis 
after a burn. The low level ofFGFR-1 expression found in intact rat 
skin agrees with a previous report in intact human skin showing tl1at 
a polyclonal antibody for FGFR-1 did not detect structures in the 
epidermis (Hughes and Hall, 1993). It has also been shown, using 
an RNase protection assay, that FGFR-1 was weakly expressed in 
the epidernus ofintact mouse tail, although the undedying dermis 
expressed a high level ofFGFR-1 (Werner et nl, 1992) . 
It is well la1own that the process of tissue regeneration is si.tn.i.lar 
in many ways to the process of tissue development (Cross and 
Dexter, 1991 ). In this context, it is inte resting to note that gene 
expression of FGFR-l has been demonstrated in developing skin 
using i11 sit11 hybridization methods (Orr-Urtreger et nl, 1991; 
Wan aka eta/, 1991; Peters eta/, 1992) . It is therefore suggested that 
cells of the skin may be capable of expressing FGFR-1 under 
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Figure 1. FGFR-1 is induced in the epidermis during burn wound healing of rat skin. Immunohistochemistry using an antiserum specific for 
FGFR-1 was performed on floating sections of normal and burned rat skin . With the avidin-biotin-peroxidase complex method used , the site of FGFR-1 
protein expression can be seen as a brown reaction product. (a) Normal intact rat skin. Wounded rat skins are shown at (b, c) 2 d , (d,e) 7 d , (f.g) 14 d, (/1) 42 d, 
and (i) 70 d afte r the burn. (j) The granulation tissue at 14 d. (a) T he normal ep idermis is sta.ined faintly. (b,c) T he ep idermis and hair follicles at the wound 
margin express FGFR.-1 intensely. (d) Newly forming epidern1is is strongly labeled, as compared with the faint labeling in adjacent uninjmed epidermis. (c) 
Basal keratinocytes at the tongue of migrating ep idermis are w eakly stained. (f-It) R e-epitl1elialized epidermis is stained intense ly, whereas newly forming hair 
follicles arc not sta ined. (i) T he epidermis is fl attened and the density of staining is decreased. (j) Some capillaries and small vessels in the granulation tissue 
stain for FGFR.-l. Scal.e lwr, 50 fL111. 












Figure 2. Extracts from newly forming epidermis express 120-kDa 
FGFR-1 protein. Western blot analysis was performed on cytosolic and 
membrane fractions prepared from both normal and newly forming epider-
mis by the procedures described in Materials a11d Met/wds . (A) la11e 1, 
cytosolic fi·action from normal epidermis; la11e 2, cytosolic fraction from 
newly forming epidermis obtained at 1.0 dafter the burn; la11e 3, membrane 
fraction from normal epidermis ; /a11c 4, membrane fraction from newly 
forming epidermis. (B) The cytosolic fraction fi·om newly forming epidermis 
was studied again using the antiserum (la11e 1) or FGFRl antiserum 
preabsorbed with the antigenic oligopeptide (la11e 2) . Molecular weight 
markers (kDa) arc indicated (ltji) . <Ill, positive band for FGFR-1 antiserum. 
conditions such as development and wound healing, but the 
distribution ofFGFR-1 reported in the developing skin differs from 
that found in this study during wotmd healing. In fetal mouse skin, 
FGFR-1 has been observed in the mesenchyme just below the 
dermoepidermal junction (Orr-Urtreger et nl, 1991 ; Peters et a/, 
1992) , whereas in our study, FGFR-1 was located mainly in 
regenerating keratinocytes of the epidermis and partly in newly 
forming blood vessels of the dermis. 
Evidence has been accumulating that epidermal keratinocytes 
express several growth factors and theu: receptors after injwy. 
These include platelet-derived growth factor and its receptor, 
transforming growth factor-a and its receptor, epidermal growtl1 
factor receptor, aFGF, and bFGF (Antoniades et a/, 1991, 1993). 
Our study has demonstrated that an additional constituent of 
keratinocytes, FGFR-1, a receptor common to aFGF and bFGF, is 
induced transiently during wound healing. The significance of 
FGFR.-1 expression in keratinocytes may be understood in light of 
a recent study of transgenic mice (Werner et a/, 1993). When a 
dominant-negative FGFR was introduced iJ1 the epidermis, these 
mice displayed a phenotype il1 the epidermis characterized by 
disruption of keratinocyte organization and aberrant keratin ex-
pression in the basal and suprabasal layers. 
ln our study, staillli1g for FGFR.-1 in the newly forming epitlle-
lium was observed not only duru1.g the period of re-epithelializa-
tion, but also at the wound site for several weeks after wound 
closure. Keratinocytes of hair follicles that appear to have survived 
the burn express FGFR.-1, whereas newly forming hair follicles do 
not. Conceming the presence of growth factors in hair follicles, 
Danilenko et a/ (1995) recently reported strong expression of 
keratinocyte growth factor receptor, which is an alten1atively 
spliced variant of FGFR-2. It is therefore possible that the staining 
we detected in hair follicles may be due to cross-reaction with 
keratinocyte growth factor receptoc Tlus is tmlikely, however, 
because the epitope of our antiserum is contained in dte extracel-
lular highly acidic domail1 (acidic box), which is omitted by 
alternative splicing from keratinocyte growth factor receptor (Miki 
et a/, 1991). Basal cells of newly fornung epidermis also express 
FGFR-1 weakly. The result suggests that FGFR-1 is preferentially 
induced in nonproliferatil1.g keratinocytes of the supra basal layer of 
epidernus duriJ1g wound healing. Tlus assumption appears to 
coincide with a previous proposal that aFGF and bFGF, the ligands 
of FGFR-1, act mainly on nonproliferating keratilwcytes to mod-
ulate their differentiation and morphogenesis (Werner et nl, 1993 ). 
We ca nnot rule out the possibility, however, that FGFs also may be 
mitogenic for those cells expressing more or less FGFR-1, because 
many studies suggest mitogenic activities of FGFs for keratil1ocytes. 
To clarify this issue, it will be necessary to study other FGF and 
FGFR. members in burned skin. 
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It has been predicted that the FGFR-1 gene will generate 
multiple fom1s of receptor proteil1 by alternative splicing Qohnson 
et a/, 1990, 1991) . These fon11S are roughly classified into ilie 
secreted and the membrane-bow1.d forms. The latter can be further 
divided iJ1to two: the long types containing tluee Ig- like domains 
and the short types containil1g two such domains. Our analysis by 
Western blots indicates tl1at a single band of about 120 kDa is 
detectable il1 the rat skin after a burn . This band is similar in size to 
the short membrane-bound form (approxiJ11ately 120 kDa) of rat 
FGFR-1, as reported in a study of the uterus and lung of pregnant 
rats (Rider et al, 1995). 
A recent in 11itro study by confocal inu1mnoftuorescence micros-
copy revealed that FGFR.-1 ilnmunoreactivity in NIH 3T3 cells was 
translocated from the cell membrane to the perinuclear region after 
exposure to bFGF (Prudovsky et al, 1994). In our study, keratino-
cytes of tl1e newly fornlli1g epidermis possessed FGFR.-1-positive 
reaction products mainly in the cytoplasm rather tl1an on the cell 
membrane. Such a subcellular distribution of the reaction products 
may indicate that these keratinocytes have been influenced by bFGF 
or aFGF. After surgical iJ1juries , both aFGF mRNA and bFGF 
mRNA (Antoniades et al, 1993) and bFGF protein (Kurita et a/, 
1992) were detected in the epidermis. In early human burn wound, 
on the other hand, bFGF was observed in the dermal extracellular 
matrix beneath the basal cells (Gibran et al, 1994). Future double-
labeling studies should help to understand tl1e mechanism of 
interaction between FGFs and FGFR- 1, either paracrine or auto-
crine or botl1., duru1g burn wound healing of skin. 
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